The malarial parasite Plasmodium, infects red blood cells by remodeling them and transporting its own proteins to their cell surface. These proteins trigger adhesion of infected cells to uninfected cells (rosetting), and to the vascular endothelium, obstructing blood flow and contributing to pathogenesis. RIFINs (P. falciparum-encoded repetitive interspersed families of polypeptides) and STEVORs (subtelomeric variable open reading frame), are two classes of proteins that are involved in rosetting. Here we study the membrane insertion and topology of three RIFIN and two STEVOR proteins, employing a well-established assay that uses N-linked glycosylation of sites within the protein as a measure to assess the topology a protein adopts when inserted into the ER membrane. Our results indicate that all the proteins tested assume an overall topology of Ncyt-Ccyt, with predicted transmembrane helices TM1 and TM3 integrated into the ER membrane. We also show that the segments predicted as TM2 do not reside in the membrane. Our conclusions are consistent with other recent topology studies on RIFIN and STEVOR proteins.
Malaria is a major disease plaguing the tropical and subtropical parts of the world, with infants, children, pregnant women, and immunecompromised adults being the most vulnerable to infection (1) . The most fatal form of malaria in humans, caused by Plasmodium falciparum, is characterized by obstructed blood flow in the microvasculature that results from the adhesion of infected red blood cells (iRBC) to the vascular endothelium, and rosetting of iRBCs to healthy RBCs (2, 3) . The consequences include oxygen deprivation, organ failure, stillbirth in cases of placental malaria, and cerebral malaria. Rosetting and adhesion of iRBCs has been linked to the display of pathogen-derived variant surface antigens (VSAs) on their cell surface (reviewed in (4) ). The most extensively studied VSA is PfEMP-1 (P. falciparum erythrocyte membrane protein 1), and others include the RIFIN (repetitive interspersed family) and STEVOR (subtelomeric variable open reading frame) proteins.
RIFINs are encoded by the rif-gene family, comprising around 150 genes (5) , and belong to the two-transmembrane (2TM) superfamily (6) , although several of them assume a onetransmembrane (TM) topology in the iRBC plasma membrane (6, 7) . Two groups of RIFINs, A and B, have been described so far. RIFIN-A proteins (70% of all RIFINs) are characterized by the presence of 25 amino acids at the N-terminus that are lacking in RIFIN-B proteins (8) . The former are exported from the parasite to the surface of RBCs, while RIFIN-B proteins are mainly localized within the parasite and therefore potentially serve a different function (8, 9) . STEVOR proteins, expressed in the merozoite stage of the parasite's life cycle (10) , have been proposed to either have a single TM domain (7) or two TMs (5) . They have been shown to mediate RBC rosetting independently of PfEMP1 (10) .
RBCs lack cell organelles and vesicular trafficking pathways, making it essential for the parasite to remodel them completely to ensure its own survival. Immediately following invasion, the parasite is enclosed in a parasitophorous vacuole (PV) between two membranes: the PV membrane (PVM) and the parasite plasma membrane (PPM) respectively. Thereafter, protein export occurs in steps; they are first synthesized and then secreted across the parasite membrane to the PV using the secretory pathway. The P. falciparum genome contains homologs of the Sec translocon in the endoplasmic reticulum (ER) membrane and other factors important for targeting and translocation of proteins (11) . Nascent polypeptides can be modified by the cleavage of signal peptides by signal peptidase (12) or by N-linked glycosylation by the oligosaccharyl transferase (OST) enzyme complex (13) , however the significance of the latter is unclear (14) . A large portion of exported proteins are cleaved in the ER (15, 16) by a Plasmodiumspecific enzyme called Plasmepsin V (17) at an Nterminal motif (RxLxE/Q/D) called the PEXEL (Plasmodium export element) site (15) . Further transport of proteins to the iRBC cytosol and surface occurs via pathways set up by the parasite (reviewed in (18, 19) ). It is therefore important to describe the biogenesis of parasite proteins due to their well-established connection to pathogenesis, disease severity and parasite survival.
A previous study from our lab on one RIFIN-A and RIFIN-B protein expressed in vitro with canine pancreas-derived rough ER membranes (microsomes), demonstrated that the C-terminal transmembrane TM helix is membrane-inserted with the N-terminus oriented towards the lumen and the C-terminus in the cytosol (Nlum-Ccyt) (20) . The loop between the N-terminal hydrophobic domain (that is believed to be a signal peptide (SP)) and the C-terminal TM helix was shown to be located in the ER lumen (20) . In this study, we further investigate the topology of the previously studied RIFIN proteins (20) , an additional RIFIN-A, and two STEVOR proteins using a wellestablished in vitro method (21, 22) . Glycosylationcompetent green fluorescent protein (gGFP)-tagged RIFIN and STEVOR proteins were also visualized in a human cell line to complement the data obtained from the in vitro experiments. We show that these proteins all exhibit an overall Ncyt-Ccyt, topology in the ER membrane.
Results

Prediction of TMs of RIFIN and STEVOR proteins
We used the DG predictor (http://dgpred.cbr.su.se) (26) to predict potential TM domains for all the proteins studied. RIFIN-A1 (RA1, 372 residueslong) was predicted to have two putative TM (pTM) domains between residues 1-19 and 331-353, RIFIN-A2 (RA2, 330 amino acids) was predicted to have three pTM domains between residues 1-18, 137-159 and 291-313, RIFIN-B (RB, 338 amino acids), three pTM domains between residues 3-25, 119-141, and 297-319. STEVOR 06 (S06, 306 residues long) was predicted to have three pTM domains between residues 3-21, 179-201 and 265-287, and STEVOR 10 (S10, 305 amino acids in length) three pTM domains between 3-21, 179-201 and 268-290.
Membrane integration efficiency of RIFIN proteins Experimental setup
The RIFIN and STEVOR proteins were all translated in vitro, in the presence and absence of canine ER-derived column-washed rough microsomes (CRM) to probe for membrane insertion. N-linked glycosylation of specific sites within the protein sequence (NXS/T) was used to distinguish between luminal and cytosolic domains of the protein. N-glycosylation is catalyzed by the OST that is active on the luminal side of the ER membrane (13) . Glycosylated products migrate slowly on SDS-PAGE compared to unmodified proteins, with one glycan adding to ~2.5 kDa to the molecular mass of proteins. Glycosylation of proteins was confirmed by digestion by Endo H.
We also engineered the RIFIN and STEVOR proteins or derivatives thereof into our well-established experimental "host" proteins derived from the E.coli LepB protein (25) -LepH2 and LepH3-and assessed the topology of inserted pTMs by N-linked glycosylation (21, 22) . In brief, LepB contains two natural TM domains (H1 and H2) and a C-terminal globular domain (P2). H2 or H3 were substituted by our protein sequence of interest together with a spacer of three glycines and one proline residue (GPGG) to shield the insert from the model protein. The H2 model protein allows the analysis of membrane insertion efficiency of the integrated domain with its Nterminus in the cytosol and C-terminus in the lumen (Ncyt-Clum) (22) . In the H3 model protein, the engineered peptide of interest will assume an Nlum-Ccyt orientation in the membrane (21, 26) . Unidentified protein products are indicated by an (*) on the gel images.
Topologies of full-length RIFIN and STEVOR proteins
The topologies of full-length wildtype (WT) RA1 and RB have been previously examined (20) . In the present study, we evaluated the topology of fulllength RA2 (1-330) in vitro. RA2 has two naturally occurring potential glycosylation acceptor sites (GSs) in its sequence at positions 232 and 233 i.e. in the loop between pTMs 2 and 3. Since these GSs are adjacent to one another, they are potentially too closely spaced to be glycosylated at the same time (supplementary Figure S1) (32) . The cytosolic or luminal locations of the other two loops were determined by engineering additional GSs at position 61 (N61ST) between pTM1 and pTM2, and at position 326 (N326TT) at the C-terminus of pTM3 ( Figure 1A) respectively. WT RA2 translated in the presence of CRMs was mono-glycosylated and RA2 with an engineered GS i.e. N61ST was diglycosylated, ( Figure 1B , left panel). RA2 with the both the natural and two artificial GSs N326 and N61 respectively was also di-glycosylated ( Figure 1B , right panel), indicating that only two sites are occupied by glycans and not the third one. These results suggest that the C-terminus of RA2 is located in the cytosol, while the loop between pTM1 and pTM3 is in the lumen, indicating that pTM3 inserts into the membrane in an Nlum-Ccyt orientation and that pTM2 is not a transmembrane domain.
Full-length WT S06 has two natural GSs between pTM1 and pTM2, at positions N32 and N38 ( Figure 1C ). WT S06 translated in the presence of microsomes yielded proteins corresponding in molecular mass to unmodified S06, and monoglycosylated and weakly di-glycosylated adducts, the latter of which we believe results from the GS at N32 being inefficiently glycosylated ( Figure 1D , left panel). Perturbing this GS by mutating N32 to a serine (construct S32IS), resulted in a monoglycosylated protein, allowing us to conclude that the loop between pTM1 and pTM2 is located in the lumen of the ER. Introducing a GS between pTM2 and pTM3 in construct S32IS, at position 238 (N238ST) to investigate where the loop between them is located, resulted in a di-glycosylated protein ( Figure 1D , left panel) indicating that the loop between pTM2 and pTM3 is also located in the lumen.
WT full-length S10 has four natural GSs in total ( Figure 1C ), three sites located between pTM1 and pTM2 at positions N32, N38 and N98 and one between pTM2 and pTM3 at position N230. WT S10 translated in the presence of microsomes was triand tetra-glycosylated ( Figure 1D , right panel). Perturbing the GS at position 32 (i.e. construct S32IS) yielded a tri-glycosylated species, and removing the GS at N230 (construct S230ST) in order to locate the loop between pTM2 and pTM3 resulted in a di-glycosylated protein. Glycosylation of proteins was confirmed by digestion by Endo H ( Figure 1E ).
Our results for RIFIN-A2 and STEVORs S06 and S10 demonstrate that the loops between pTM1 and pTM2, and between pTM2 and pTM3, respectively, are localized in the lumen. This suggests that pTM2 is likely not a TM domain because it must be translocated to the lumen to accommodate localization of the loops.
Expression of full-length RIFIN and STEVOR proteins engineered into the model protein LepH2
In order to further map the orientation of RIFIN and STEVOR pTM1 and pTM3 in the membrane, we engineered these proteins into our model LepB system. We chose to engineer full-length RIFINs (RA1, RA2 and RB) and STEVORs (S06 and S10) at position H2 in the LepB model protein ( Figure  2A ), based on our previous observations that these proteins most likely insert in an Ncyt-Ccyt orientation in the membrane. Our current analysis was expanded to include the previously studied RA1 and RB proteins (20) .
The two naturally occurring GSs in RA1 (N226VS and N256TS) and the two GSs in the LepH2 model proteins result in a total of four possible sites that can be glycosylated (Figure 2A and B) . In vitro expression of RA1-H2 resulted in a 77% triglycosylated product ( Figure 2C ). An engineered GS at position 64 (N64TT) between pTM1 and pTM2 resulted in a tetra-glycosylated protein (74%) ( Figure 2C ). Individually disrupting the two natural GSs between pTM2 and 3 in construct N64TT to T226VS and Q256TS, resulted in equal proportions of tri-glycosylated and di-glycosylated proteins ( Figure 2C ). We conclude that the predominant topology of RA1-H2 is where both pTM1 and pTM3 span the membrane, and pTM2 is in the lumen (Figure 2A ), consistent with our findings for full-length RA2 shown above. We observed that RA2-H2 also inserted with the same topology as RA1-H2, also confirming our previous observations ( Figure 2D and E).
The two natural GSs in RB (N4 and N214TT) and those in LepH2 give a total of four potential glycosylation sites ( Figure 2F ). Translation of RB-H2 in the presence of CRMs resulted in predominantly di-glycosylated (80%) species ( Figure 2G ), indicating four conceivable topologies. An engineered GS (N71TS) between pTM1 and pTM2, resulted in an additional triglycosylated adduct (47%). Thus, in about half the translated protein, the loop between pTM1 and pTM2 is translocated into the lumen. A S214TT mutation resulted in a di-glycosylated protein (52%), leaving us with two probable conformations, one where pTM3 is membraneintegrated in its preferred orientation, and the other with either pTM1 or pTM2 integrated ( Figure 2G ).
The WT S06-H2 construct has a total of four GSs (including the GSs within LepH2 and S06), indicated in Figure 2H . Translating S06-H2 resulted in a tri-glycosylated protein ( Figure 2I ) and disrupting the GS at N38 (construct Q38NT), yielded a di-glycosylated protein instead, similar to what was seen for the S32IS construct ( Figure 2I ) where N32IS is disrupted. This confirms that both Nterminal GSs of S06 are glycosylated, although the modification of N32IS is inefficient. An additional GS at position 238 (N238ST) resulted in a triglycosylated product, indicating that pTM1 and pTM3 are integrated into the ER membrane, and pTM2 resides in the ER lumen. WT S10-H2 is penta-glycosylated, at four GSs in S10 and one in LepH2 ( Figure 2H , I). A mutant of S10-H2 where the GS at N98 (construct S98GT) is disrupted was tetra-glycosylated ( Figure 2I ), indicating that the loop between pTM1 and 2 is located in the lumen. Glycosylation of proteins was confirmed by digestion by Endo H ( Figure 2J ).
These experiments demonstrate that RA1, RA2, and S06 insert in an Ncyt-Ccyt orientation in the membrane, but do not indicate the orientation the pTM domains of RB and S10 can adopt when inserted. We therefore chose to also engineer single pTM regions of all the proteins into LepH2 and LepH3 to allow them to insert in their preferred orientations in the membrane.
Integration of single pTMs of RIFIN and STEVOR proteins when engineered into the LepH2 and LepH3 model proteins
To further validate the above results, we engineered single pTMs 1 and 3 of all three RIFIN proteins and the two STEVOR proteins with their flanking regions into the model proteins, LepH2 and LepH3 ( Figure 3A ). pTM1 of both RA1 and RA2 when engineered in the H2 position integrated efficiently (86% and 74% respectively) in an Ncyt-Clum topology in the ER membrane, ( Figure 3B , left panel, Figure 3C ). Conversely, the same pTMs were poorly integrated (44% and 12% respectively) when engineered in the H3 position ( Figure 3B , right panel, Figure 3C ). pTM1 of RB was wellinserted into the membrane both in the H2 and H3 positions (approx. 77%), i.e. it can adopt two possible orientations in the membrane ( Figure 3B ). We also observed that a small proportion of RB pTM1 engineered at position H3 was translocated to the lumen, as indicated by the presence of a triglycosylated product, due to glycosylation of GS at N4 ( Figure 3B , right panel). pTM3 of all three RIFIN proteins integrated efficiently (to approx. 100%) in an Nlum-Ccyt topology when engineered in the H3 position ( Figure 3B , right panel, Figure 3C ), and poorly when engineered in the H2 position (RA1 25%, RA2 9% and RB 15%, Figure 3B , left panel, Figure  3C ), indicating that the preferred topology for pTM3 is Nlum-Ccyt, further supporting that fulllength RA1, RA2 and RB insert in an Ncyt-Ccyt topology in the membrane. pTM1 of S06 were efficiently inserted in the membrane in both orientations ( Figure 3D and E). pTM1 of S10 on the other hand integrated efficiently into the membrane when engineered in the H2 position (87 %), but not in the H3 position (24 %) ( Figure 3D and E). Thus, S10 pTM preferentially orients Ncyt-Clum, but S06 pTM1 does not exhibit any orientation preference.
pTM3 of both S06 and S10 integrate in an Nlum-Ccyt orientation, i.e. when inserted in the H3 position, but do not integrate when engineered in the H2 position ( Figure 3D and E), consistent with previous observations that both flanking charges and hydrophobicity determine the orientation of a TM fragment in the membrane (33) (34) (35) (36) (37) (38) , and with the finding that the overall topology of full-length STEVOR proteins is Ncyt-Ccyt.
Investigation of the topology of RIFINs and STEVORs in HEK293T cells.
We finally wanted to verify whether the topologies that were established with our in vitro assay could be confirmed in human cells, using a previously described experimental set-up based on a glycosylation-competent green fluorescent protein variant (gGFP) (28). Briefly, each of the full-length RIFIN and STEVOR proteins was fused to gGFP at their C-terminus ( Figure 4 ). gGFP fluoresces in the cytoplasm, but becomes glycosylated on two sites (preventing the maturation of the fluorophore) when translocated to the ER lumen, allowing us to track where the C-terminus of the protein of interest is localized. The RIFIN-gGFP and STEVOR-gGFP fusion constructs (RA1-gGFP, RA2-gGFP, RB-gGFP, S06-gGFP, and S10-gGFP) were transfected into HEK-293T cells and imaged 24 hours posttransfection ( Figure 4B ). As a control, we used SP-C-gGFP where gGFP translocates to the lumen and hence is non-fluorescent (28) ( Figure 4C , right panel). We also visualized the expressed proteins in cell lysates by SDS-PAGE and Western blotting ( Figure 4A ).
RA1-gGFP and RA2-gGFP fusions have a total of four GSs each, but due to the close proximity of the native GSs in RA2 (position 232 and 233) only three are potentially glycosylated. The RB-gGFP fusion protein has a total of four possible GSs, and three of them can be potentially glycosylated because one of them (N4) is located too close to the membrane to be accessible to OST. The fluorescence and glycosylation patterns observed ( Figure 4A and B) indicate that the GSs within all the RIFIN proteins were translocated to the ER lumen, whereas the C-terminal gGFP remains in the cytosol and therefore is fluorescent ( Figure 4C , left panel). S06 has two native GSs at position 32 and 38, so the S06-gGFP protein has a total of four GSs. As a control, we expressed a protein where the GS N32IS in S06 was disrupted by the N32S mutation (S06-gGFP S32IS). The fluorescence ( Figure 4B ) and glycosylation pattern ( Figure 4A ) demonstrated that the GSs in S06 are in the ER lumen, and that gGFP lies in the cytosol. We also observed a similar pattern for S10-gGFP with its six GSs (four in S10 at position 32, 38, 98, and 230 and two in gGFP), where S10-gGFP S32IS served as a control. These results confirm the findings from our in vitro experiments that pTM3 inserts into the membrane in an Nlum-Ccyt orientation, and the monoglycosylated species of pTM1 indicates that it is also inserted into the membrane.
Discussion
In this study, we have determined the topologies of three RIFINs (RIFIN-A1 and 2, and RIFIN-B) and two STEVORs (STEVOR-06 and STEVOR-10) in a well-established in vitro assay supplemented with ER membranes. Although these membranes are derived from dog pancreas, the malarial parasite has a similar targeting and translocation system in its ER membrane (11, 12) and so it is reasonable to assume that the two are comparable. However, the export of proteins in the parasite is a more complex process (39, 40) because the proteins are secreted across several membranes to reach the surface of the iRBC, and most exported proteins are cleaved by the Plasmodium enzyme, plasmepsin V (15, 41) , which is absent in our system.
The DG predictor (26) predicts three potential TM domains for each of the proteins studied. We observe that pTM2, which is the least hydrophobic of the pTMs, does not reside in the membrane. pTM3, the most hydrophobic of the predicted TMs for all the proteins, appears to integrate the most efficiently in the membrane. pTM1 potentially serves as a signal sequence and targets RIFIN and STEVOR proteins to the ER membrane. Although our experimental system has a functional signal peptidase (22) , it did not appear to cleave the proteins after pTM1. We cannot however rule out that cleavage takes place in the parasite (12) .
We used our LepH2 model set-up to study how the full-length RIFIN and STEVOR proteins integrate into the membrane because it accommodated natural orientation of the proteins in the membrane, and this setup (21, 22, 26) , allowed us to confirm that both pTM1 and pTM3 are membrane-integrated. The LepH2 and LepH3 systems also allowed us to probe the topology preferences of single pTMs in the membrane.
Our experiments indicate that pTMs1 of RA1, RA2, and S10 insert into the ER membrane, preferentially in an Ncyt-Clum orientation like a signal peptide. pTM1 of RB and S06, which are predicted to be the most hydrophobic of all potential pTM1s (Table 1) , insert efficiently into the ER membrane and exhibit no orientation preferences, as shown by equivalent insertion efficiencies in both LepH2 and LepH3. pTM1 of S10 is slightly less hydrophobic, and its orientation in the membrane is potentially dictated by a lysine residue at the N-terminus, allowing it to adopt an Ncyt-Clum topology. In all five proteins studied, pTM3 was predicted to be strongly hydrophobic (Table 1) , and we found that they integrated efficiently, with a strong tendency to adopt an Nlum-Ccyt orientation, which is consistent with their hydrophobicity and charge distribution (all pTM3 segments include a number of positively charged residues at their C-terminal end). Our in vitro experiments, supported by the DG predictions, demonstrate that the studied RIFIN and STEVOR proteins all have two TM domains, pTM1 and pTM3.
We also probed the topology of the RIFIN and STEVOR proteins in mammalian cells by constructing fusions to a glycosylation-competent GFP variant. The results were consistent with the in vitro data. Both indicate that RA1, RA2, RB, S06, and S10 adopt an Ncyt-Ccyt topology in the membrane, with pTM1 and pTM3 spanning the membrane and pTM2 residing in the ER lumen.
Our results reaffirm that hydrophobicity and charge distribution (33-38) dictate how TM domains insert into the membrane, and we believe that in the context of malarial proteins this can dictate localization of proteins. Future studies to obtain structures of these proteins and others of the class located on the surface of the infected red blood cell, are important for the understanding of the invasion of the host and avoidance of the immune system.
Experimental procedures Enzymes and Chemicals
Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich Merck (USA). Plasmid pGEM1 and TNT SP6 Quick Coupled Transcription/Translation System were purchased from Promega (USA). All enzymes were from ThermoFisher Scientific (USA) except for Phusion DNA Polymerase (New England Biolabs (USA)). Deoxynucleotides were from Agilent Technologies (USA) and oligonucleotides were from Eurofins MWG Operon (Germany). [ 35 S]-methionine to label proteins in during translation was from PerkinElmer (USA). All other reagents of analytical grade and obtained from Merck Millipore (Germany).
DNA manipulations
A codon optimized RIFIN-A2 (PfIT_060035900 CDS) and the PF3D7_0617600 (STEVOR 06, S06) and PF3D7_1040200 (STEVOR 10, S10) genes were engineered into the pGEM1 vector using a XbaI/SmaI site together with a preceding Kozak sequence as previously described (23) (24) (25) . The other previously studied RIFINs were engineered into the pGEM1 vector as described in (20) . Putative TMs for the selected RIFIN and STEVOR proteins were predicted by the DG predictor server (V 1.0) (www.dgpred.cbr.su.se) (26) .
Selected sequences were amplified by PCR with appropriate primers containing GGPG-flanks and restriction sites for SpeI and KpnI enzymes and introduced into the DNA of the well-characterized model protein leader peptidase (LepB) from Escherichia coli. Two LepB model proteins (LepH2 and H3) were used as previously described (21, 22) . Sequences for S06 and S10 that were translated without the LepB background were codon optimized to facilitate easy cloning and expression, whereas those engineered into LepB were non-optimized. In the cDNA of RA1, thymine at position 263 was changed using QuikChange™ Site-Directed Mutagenesis protocol from Stratagene (La Jolla, CA, USA) into a cytosine in order to remove a SpeI cleavage site. Glycosylation sites (GS) were added or removed (NXS/T, where X ≠ a proline residue) by site-directed mutagenesis. In most cases a Thr (T) was used as the hydroxy amino acid in the glycosylation sequon. All constructs were confirmed by sequencing of plasmid DNA at Eurofins MWG Operon (Germany).
For WT RB proteins with the C-terminal sequence, multiple protein products were observed on SDS-PAGE , so a putative ribosome stalling sequence of R322KKKM encoded by a polyadenylate (polyA) stretch (AGAAAAAAAAAAATG) at the C-terminus of the protein was changed to a non-polyadenylate stretch (27) , in a selection of constructs for comparison.
The constructs expressed in mammalian cells with the gGFP fusion were cloned into pcDNA3.1 (Invitrogen) as previously described (28).
In vitro transcription and translation
Constructs engineered into the pGEM1 vector with and without LepB were translated in the TNT SP6 Quick Coupled Transcription/Translation system in a total reaction volume of 10 µl (5 µl reticulocyte lysate, 150 ng of DNA template, 0.5 µl of [ 35 S]methionine (5 µCi), and 1 µl of column-washed canine pancreas-derived rough microsomes (CRM) (tRNA Probes, USA) (29) for 90 min at 30°C (30) . Translated proteins were analyzed by SDS-PAGE and autoradiography. The protein bands were quantified using Image Gauge V 4.23 to obtain an intensity cross section that was fitted to a Gaussian distribution using EasyQuant (Rickard Hedman, Stockholm University) (31) . The degree of membrane integration of each inserted segment was quantified as described before (21, 22) . Samples without CRM were used as controls since proteins translated in their absence would remain unglycosylated.
Endo H treatment
For Endoglycosidase H (Endo H) treatment, the TNT reaction was mixed with 1 µl of 10× glycoprotein denaturing buffer and dH2O to a total volume of 10 µl. After addition of 7 µl of dH2O and 2 µl of 10× G5 reaction buffer, samples were incubated for 1 h at 37°C in the presence or absence (mock) of 0.5 µl of Endo Hf enzyme (10 6 U/ml; NEB, USA).
Analysis and quantitation
The degree of membrane integration of each TM segment was quantified as described previously (21, 22) . From the quantified glycosylated products measured DG values could be calculated. Fractions of mono-(f1x) and di-(f2x) glycosylated species were quantified in order to calculate an apparent equilibrium constant Kapp for the membrane insertion of the segment. For LepH3 Kapp is calculated as Kapp = f1x/f2x and for LepH2 the fractions of cleaved fc molecules were accounted for and Kapp is calculated as Kapp = f2x+fc/f1x. Kapp can be converted into apparent free energies, measured DG = -RTlnKapp, between the inserted and non-inserted states.
Cell culture and transfections
HEK293T cells were cultured in DMEM (Life Technologies, USA) supplemented with 10% FBS (Sigma-Aldrich Merck, USA), 100 units/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich Merck, USA). The cells were cultured in a humidified 5% CO2 incubator at 37°C. For the transfections, 1.5 µg of plasmid DNA was mixed with 1 ml of opti-MEM (Life Technologies, USA) and 5 µl Trans-IT®LT-1 transfection reagent (Mirus, USA) for 20 min. Trypsinized HEK293T cells were resuspended in opti-MEM 10% FBS, and 1 ml of cells of approximate density 10 6 /ml, was added to each transfection mixture before plating on a 3.5 cm diameter dish.
Cell lysate preparation
Cells were harvested 24 hours after transfection by scraping in 150 µl of Pierce™ RIPA buffer (ThermoFisher Scientific, USA) supplemented with N-ethylmaleimide (Sigma-Aldrich Merck, USA) and 1% cOmplete protease inhibitor (Roche, Germany), sonicated on ice 3 times for 5 seconds and centrifuged for 5 minutes at 15,000 rpm at 4°C. The supernatant was subjected to analysis or stored at −20°C long-term.
Endoglycosidase H treatment and Western blot on lysates from HEK293T cells
For Endoglycosidase H (Endo H) treatment, 18 µl of protein lysate was mixed with 2 µl of sodium acetate (800 mM, pH 5.7), and 0.75 µl of Endo H (500,000 units/ml; NEB, MA, USA) or dH2O (mock sample). The samples were incubated at 37°C for 2 hours, mixed with Werner's sample buffer and denatured by heating for 5 minutes at 95°C. SDS-PAGE and Western blot analysis with a 1:3333 dilution of a rabbit anti-GFP antibody (Rockland, USA) were carried out. Western blots were developed with SuperSignal™West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific, USA) and detected with an Azure c600 (Azure Biosystems, USA) imaging system.
Cell imaging
HEK293T transfected cells cultured on coverslips were fixed 24 hours post-transfection with 4% formaldehyde, washed 3 times with 1x PBS and mounted on glass slides with VECTASHIELD® Antifade Mounting Medium with DAPI (Vector Laboratories, USA). Images were acquired using Zen software connected to an inverted microscope (LSM700; ZEISS, Germany) with 405, and 488 solid-state lasers and 20x objective. For the negative control the zoom out option of ZEN software was used.
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